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f ABSTRACT 
An existing kinetic model of the Gas Recycle Hydrogenator (GRH) was 
extended to provide the capability of predicting reactor yield and 
product distribution, provided that the feedstock parameters of mole-
cular weight and carbon/hydrogen weight ratio are known. In developing 
the necessary correlations required to determine the effluent composi-
tion, a data set consisting of numerous GRH runs under various condi-
tions was incorporated into the model. The various feedstocks to the 
GRH included butane, kerosene, diesel oil, a synthetic fuel oil, No. 2 
Fuel Oil, two light distillate fractions whose boiling endpoints are 
approximately 115 and 170°C, a natural gas condensate and the partially 
vaporized crude oils Athabasca Tar Sands, Topped Kuwait and Monagas. 
For each of the GRH runs in the data set, the product distribution in 
the form of seven specific groups, each consisting of similar hydro-
carbon compounds, was predicted, and these values were compared to 
observed results. The model's accurate predictions of the alkane/ 
alkene effluent yields, particularly methane and ethane/ethylene which 
account for over 70% of the product, by weight, were in sharp contrast 
to its weakness in predicting the product distribution for the aromatic 
compounds. 
In an attempt to predict the effluent yields in terms of individual 
molecular species rather than "lumped" groups, an alternate modeling 
approach was considered. However, limited results in combination with 
a target date for a completed model did not justify an exhaustive study 
of this alternative. 
-1-
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I. INTRODUCTION 
The Chemical Engineering Department of Lehigh University, 
in cooperation with local industry, offers a design option to 
M.S. candidates desiring special experience in engineering 
design. This thesis topic concerning the Gas Recycle Hydro-
genator was proposed by Air Products and Chemicals, Inc. of 
Allentown, Pennsylvania and was pursued as part of the M.S. Design 
Option Program. The author has conducted his research within 
Air Products' Process Engineering Department under the supervision 
of Mr. Joseph Klosek and Dr. Edward M. Phillips of the Manage-
ment Information Department. The third member participating 
in the supervision of this research project was Or. Fred P. Stein 
of Lehigh University. The proposed project involves the develop-
ment of a kinetic model for the Gas Recycle Hydrogenator (GRH). 
The GRH was developed by the British Gas Council (presently 
the British Gas Corporation) at their Midlands Research Station 
in Solihull, England. This process of non-catalytic hydro-
genation of hydrocarbon feedstocks was first described in 
1963 [15]. The original application of the GRH reactor was for 
the enrichment of Lurgi gas [15, 16]. Currently, Air Products 
has adapted British Gas Corporation 1 s (BGC) GRH technology for 
the production of substitute natural gas and petrochemical 
feedstocks from high sulfur gas oils [14]. 
,. 
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The rapid depletion of the supply of natural gas in the 
United States coupled with the Department of Energy's restriction 
that light distillates, such as naphtha, be utilized only as 
petrochemical feedstocks has spurred the company's interest in 
GRH technology. The GRH reactor has the potential to gasify 
feedstocks of increased boiling end points from 400 to 650°F [16]. 
The gasification of middle distillate fractions (650°F end 
points) offers a significant cost advantage over the restricted 
naphtha. 
Although Air Products has spent considerable effort in 
developing GRH technology, there was no in-house fundamental 
framework describing reactor kinetics which would make possible 
the a priori prediction of the effluent compositions, given 
reactor operating conditions and a feedstock analysis. BGC 
has empirical correlations which are based upon light distillate 
feedstocks and moderate reactor temperatures. To extend these 
correlations to the operating conditions at which Air Products 
intends to run the GRH (i.e., middle distillate feedstocks and/or 
higher reactor temperatures), extrapolation and engineering 
judgment were employed by BGC. To aid in both the understanding 
of GRH performance and in the assessment of the applicability 
of these extrapolations from empirical correlations, a model of 
GRH kinetics needed to be developed. This research project is 
an attempt to satisfy this need. 
-3-
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II. DESCRIPTION OF THE GAS RECYCLE HYDROGENATOR [16, 19] 
The Gas Recycle Hydrogenator, shown in Figure 1, consists 
of a cylindrical reaction vessel with a coaxial draft tube 
inside. A mixture of hydrogenating gas and hydrocarbon fee~tock 
is injected into the draft tube through a feed nozzle. The 
high velocity of the inlet jet induces the reactants to circulate 
down the inner tube and up the annulus. This rapid recirculation 
causes the inlet gases to mix with a relatively large amount of 
hot gases, whereby they absorb the exothermic heat of reaction. 
Hence, the inlet gases quickly reach reaction temperature. 
Except for locations close to the feed nozzle, close control 
of reactor temperature can be achieved, within a few degrees, 
by allowing for an adequate recirculation rate. Pilot plant 
studies have revealed recirculation ratios (volume of recirculating 
gas per volume of inlet gas) of more than 10:l. Determining 
factors of the recirculation rate are: 
1. Ratio of draft tube diameter to that of nozzle jet. 
2. Ratio of the reactor temperature to that of the 
inlet gases. 
3. Resistance to flow of the recirculating gases. 
./ 
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:t III. EXTENSION OF THE WEIMER GRH KINETIC MODEL 
A. Background 
In 1977 R. F. Weimer (21] proposed a hydropyrolysis 
model in an effort to describe the reaction kinetics which 
occur inside the GRH reactor. The key assumption of this 
model is that the hydrocarbon feedstock, upon entering the 
GRH, instantaneously decomposes into seven 11 lumped 11 hydro-
carbon groups known as the initial breakdown. This initial 
breakdown then further reacts, in the presence of a large 
excess of hydrogen, to yield the effluent components. 
Weimer stipulated that the initial br:jkdown was 
independent of reactor temperature and that each feedstock 
had its own characteristic initial breakdown. These 
characteristic breakdowns were back calculated from existing 
pilot plant and laboratory data, and effluent yields were 
then predicted. The initial results were encouraging and 
Weimer felt that the model provided a gross, qualitative 
• 
description of GRH kinetics. 
Since the inception of this simplified hydropyrolysis 
model, an enlarged data set has been made available. The 
purpose of this part of the study is threefold: 
-6-
l. The additional data will be incorporated into the model. 
2. An attempt will be made to correlate these characteristic 
initial breakdowns with parameters that define the feed-
stock character. 
3. The effect of both reactor and preheater temperature on 
the initial breakdown will be analyzed. 
-7-
B. Weimer's Original Model 
1. Simplifying Assumptions 
Weimer's simple hydropyrolysis model [21] of GRH 
kinetics accounts for the effects of reactor temperature 
and residence time. The model rests upon several 
simplifying assumptions: 
a. The feedstock hydrocarbons crack only into smaller 
compounds. 
b. The reverse reactions, i.e., equilibrium, are neglected 
as are any polymerization or dehydrogenation reactions 
(e.g., c2H6 = c2H4 + H2). 
c. Upon entering the GRH, the feedstock instantaneously 
undergoes an initial breakdown into seven classes of 
hydrocarbons. These 11 lumped 11 groups are: 
c1 methane 
c2 ethane, ethylene 
c3 propane, propylene and heavier paraffins 
A1 benzene, toluene and .xylene 
A2 naphthalene and similar two-ring aromatic 
compounds 
A3 anthracene and similar three-ring aromatic 
compounds 
pyrene and similar four-ring aromatic 
compounds 
-a-
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d. The initial breakdown is independent of reactor 
operating conditions such as reactor temperature 
and pressure. This breakdown is characteristic only 
of the particular feedstock entering the GRH. 
e. With the exception of methane, each 11 lumped11 group 
of this instantaneous initial breakdown hydropyrolyzes 
via first-order, rate controlled reactions to yield 
the GRH effluent. The effect of hydrogen partial 
pressure on these reaction rates is ignored. 
2. The Kinetic Model 
After having undergone the initial breakdown, the 
feedstock, in the form of·seven hydrocarbon groups, 
further reacts in the presence of a large excess of 
hydrogen to produce the GRH effluent components. The 
reaction mechanism is presented in Figure 2. C. and 
l 
, A. represent the amounts, by weight, of each of the l ' 
seven hydrocarbon groups. The coefficients account 
for the approximate amount of hydrogen consumed by 
each reaction. Appendix A presents a sample calculation 
for arriving at these coefficients. The initial break-
down quantities are represented by Xi's while the 
effluent quantities are denoted by W. 1 s, where i = 
l 
1,2, .. : ,7 represents hydrocarbon groups c1, c2, c3, 
A1, A2, A3 and A4, respectively. 
-9-
Initial GRH Reactor Effluent 
Breakdown GRH REACTION MECHANISM Components 
- K7 
X7 A4 ,.. 0.881 A3 + 0. l49 c2 w7 
x6 A3 
K6 )"-0.719 A2 + 0.337 c2 w6 
X5 A2 
K5 
::>- 0.609 Al + 0.469 c2 W5 
Hydrocarbon 
Feedstock X4 
-, 
w4 
K 
X3 Al 4 > 0. 769 C2 + 0.410 c, W3 
K 
H2 X2 H2 - C3 
3 > 0.682 C2 + 0.364 cl w2 ~ ,. 
K 
xl c2 2 ?" 1.067 cl wl 
-
Figure 2. GRH Reaction Mechanism 
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The reaction scheme consists of six possible 
reactions; each reaction involving the hydropyrolysis 
of a hydrocarbon group into hydrocarbon group(s) of 
lower molecular weight. Except for the BTX* group (A1), 
each aromatic group cracks into an aromatic group of 
one-less ring and the ethane-ethylene group (C2). The 
BTX group hydropyrolyzes into the c2 group and methane 
as does the c3 group consisting of propane, propylene 
and heavier paraffins. 
Because of a high internal recirculation rate, 
the GRH was simulated as a perfectly back-mixed 
reactor. When developing component mass balances for 
each of the hydrocarbon groups, the initial breakdown 
composition was considered to be the feed to this 
back-mixed reactor. The seven hydrocarbon groups which 
define the initial breakdown were assumed to hydro-
pyrolyze via first-order, rate controlled reactions 
to yield the GRH effluent components. The resulting 
component mass balances, presented in Figure 3, give 
the amount, Wi, of each hydrocarbon group in the 
product in terms of pounds of product per pound of oil 
fed to the GRH. The GRH residence time is given by tR, 
and the X1's represent the quantity of each class of 
hydrocarbon formed during the assumed initial breakdown'. 
*Benzene, toluene and xylene 
-11-
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Initial Breakdown, Xi--~,-~ I GRH1~~>-~ Wi, Final Product 
Hydrocarbon Group 
Pyrene 
Anthracene 
Naphthalene 
BTX 
Component Mass Balances 
/) 
w2 = (X2 + 0. 149 K7tRW? + 0.337 K6tRW6 + 
0.469 K5tRWS + 0. 769 K4tRW4 + 
0.682 K3tRW3)/(1 + K2tR) 
CH4 w1 = X1 + 0.410 K4tRW4 + 0.364 K3tRWJ + 
l. 067 K2tRW2 
Figure; 3. Component Mass Balances 
-12-
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4. 
Initial Breakdowns 
The Weimer hydropyrolysis model rests upon the 
major assumption that the oil feed, upon entering the 
GRH, immediately and instantaneously undergoes an 
initial breakdown into seven specific hydrocarbon 
groups. These initial breakdown components then hydro-
genate via first-order, rate controlled reactions to 
yield the final product. Knowledge of the product 
composition, reactor temperature and residence time 
allows for the back calculation of this assumed initial 
breakdown. Appendix Btabulates the initial breakdowns 
for the numerous pilot plant and laboratory runs that 
have been analyzed. The various feedstocks to the GRH 
are butane, a synthetic fuel oil, diesel oil, kerosene, 
a natural gas condensate, LDF 115 and LOF 170 (two light 
distillate fractions whose boiling end points are about 
115 and 170°C, respectively), No. 2 Fuel Oil and the 
partially vaporized crude oils: Athabasca Tar Sands, 
Topped Kuwait and Monagas. 
Reaction Rate Expressions 
In presenting a GRH kinetic model, Weimer also 
proposed a set of reaction rate expressions. These 
expressions have their origins in the thermal hydro-
genolysis literature and had been altered by Weimer so 
as to predict GRH product yields with greater accuracy 
(21]. Since Weimer 1 s original proposal, an enlarged 
-13-
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data set had been made available, necessitating a 
further adjustment of the pre-exponential factors in 
order to achieve better agreement with the new data. 
Table 1 lists these reaction rate parameters. 
-14-
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Table l. Reaction Rate Parameters 
Kinetic Rate Constant Weimer's Parameters 
Pre-exponential Factor Activation Energl 
(Btu/lb mol) 
l. 5 X 1013 126,500 
8.0 X 1010 93,500 
7.92 X 108 94,700 
20.25 X 105 66,200 
3.6 X 105 55,300 
6.8 X 105 60,300 
-15-
Hanna's Modified Parameters 
Pre-exponential Factor 
l.5 X 1013 
8.0 X 10lO 
8.8 X 108 
30.25 X 105 
l.8 X 105 
6.8 X 105 
; 
il 
' 
i 
C. Modification of Weimer's Model: Initial Breakdown Correlations 
1. Characteristic Initial Breakdowns 
After calculating the initial breakdowns for the 
available pilot plant and laboratory runs, a key 
observation was made. The initial breakdowns did not 
vary substantially among the runs for any one feedstock, 
i.e., each feedstock can be characterized by an average 
initial breakdown. Table 2 lists the arithmetically-
averaged initial breakdowns for the various feedstocks. 
These average initial breakdowns were then used 
to calculate the effluent compositions. The predicted 
values showed reasonable agreement with observed results 
to lend credence to the theory that each feedstock 
possesses a characteristic initial breakdown. The 
next step was to correlate these characteristic initial 
breakdowns with parameters that define the feedstock. 
2. Development of Correlations 
In attempting to correlate the initial breakdown 
as a function of feedstock character, three criterion 
were considered. First, the correlating parameters 
which define the feedstock were to be readily available 
or easily determined. Secondly, simple parameters would 
be preferred to complex parameters. Although a complex 
parameter might provide a better correlation, a simple 
correlating parameter was deemed more desirable in 
-16-
Table 2. Characteristic Initial Breakdowns 
Natural No. 2 Syn-
LDF LDF Gas Kero- fuel Diesel Topped Hongas Tar thetic FEEDSTOCK Butane 115 170 Conden. sene Oil Oil Kuwait {Run H-30) Mongas Sands Fuel 
FEEDSTOCK PARAMETERS 70% 25% 50% 55% 
Fraction Fraction fraction Fraction 
Carbon/Hydrogen Weight 4.75 5.31 5.66 5.90 6.09 6.49 6.49 6.61 6.97 7.21 7.90 9.47 Ra-tio 
Molecular 'Weight 56.8 85.0 98.8 103 150 212 218 272 215 300 345 101 Specific Gravity 0.569 0.671 0.713 0.758 0.783 0.837 0.834 0.860 0.910 0.946 0.950 0.847 Volume X Aromatics 0 1.40 6.40 12.9 15.0 33.3 28.7 33.0 22.0 28.0 45.0 82...-l f 
~
AVERAGE INITIAL BREAKDOWN 
lb/lb Hydrocarbon Feed 
x1 0.308 0. 166 0.272 0.329 0. 190 0.253 0. 198 0.210 0.383 0.396 0.405 0.070 
x2 0.452 0.368 0.432 0.416 0.262 0.396 0.274 0.443 0.&99 0.259 0.248 0 
X3 0.257 0.430 0.230 0. 100 0.398 0.094 0.292 0. 115 0 0 0 0 
X4 0.010 0.056 0. 100 0. 178 0. 128 0. 104 0. 105 0. 149 0.301 0. 178 0.210 0.723 
X5 0.001 0.001 0.004 0 0.040 0. 118 0.048 0.024 0 0.004 0.062 0. 106 
x6 0 0.013 0.008 0.059 0.020 0.009 0.226 0.062 0.261 0. 178 0.007 0.005 
><7 0 0 0 0 0 0.042 0 0.008 0 0 0.026 0 
CORRELATING GROUPS 
Xl + X2 + X3 l.02 0.964 0.934 0.845 0.850 0.743 0.764 0.768 0.482 0.655 0.653 0.070 X2 + X3 0.709 0.798 0.662 0.516 0.660 0.490 0.566 0.558 0.099 0.259 0.248 0 X + X 0.565 0.596 0.502 0.429 0.588 0.347 0.490 0.325 0.383 0.396 0.405 0.070 x1 + x3 + x + x 0.011 0.070 0. 112 0.237 0. 188 0.273 0.379 0.243 0.562 0.360 0.305 0.834 X4/(X 5+ X 6+ X 7+ X) 0.909 0.800 0.893 0.751 0.681 0.381 0.277 0.613 0.536 0.494 0.688 0.867 (f4 +4X5 )/(X4+X~~X6+i7) l. 00 0.814 0.928 0.751 0.894 0.813 0.404 0.712 0.536 0.506 0.892 0.994 
-17-
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order to be consistent with the simplicity of the 
kinetic model. Finally, it was hoped that a physical 
explanation could be associated with each correlation. 
This criterion was the least enforced. 
There are four feedstock parameters which are 
available for all of the existing data and which also 
satisfy the criterion of being easily determined. 
These defining parameters are carbon/hydrogen (C/H) 
weight ratio, specific gravity, molecular weight and 
aromatics content (volume%) of the feedstock. Of 
these, only the C/H weight ratio and molecular weight 
were utilized in the initial breakdown correlations. 
The correlating groups for the initial breakdown are 
(Xl + x2 + X3), (X2 + X3), (Xl + X3), (X4 + X5 + x6 + X7), 
X4/CX4 + X5 + x6 + X7) and (X4 + X5)/(X4 +XS+ x6 + X7), 
The values for the feedstock parameters and the initial 
breakdown correlating groups can be found in Table 2. 
(X1 + X2 + X3), (X2 + X3) and (X1 + X3) exhibit 
linear relationships with the C/H weight ratio, and 
these linear functions are presented in Figures 4, 5 
and 6, respectively. All three initial breakdown 
correlating groups decrease in value with increasing 
C/H weight ratios. The correlating group 
(X4 + X5 + X6 + X7) is also a linear function of C/H 
-18-
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l 
weight ratio, as shown in Figure 7. However, increasing 
C/H weight ratios result in larger (X4 + x5 + x6 + X7) 
values. 
The correlating groups X4/(X4 + x5 + x6 + X7) and 
(X4 + X5)/(X4 + x5 + x6 + X7) are plotted as linear 
functions of molecular weight in Figures 8 and 9, 
respectively. These correlations exhibit the largest 
scatter in the data, especially the latter group. Both 
parameters decrease in value with increasing molecular 
weight. 
For all feedstocks, the amount of the initial 
breakdown group x7 is either zero or very small. For 
many of the runs, the reason for this virtual non-
existence of x7 stems from the lack of resolution in 
the effluent yield analysis for aromatics content. 
The aromatics analysis was broken down into groups such 
as benzene/toluene/xylene, naphthalene and higher 
aromatics. These higher aromatics were interpreted to 
be 3-ring aromatic compounds, i.e., effluent group w6. 
The amount of 4-ring compounds (W7) was assumed to be 
negligible [13]. Hence, the back calculation of the 
initial breakdown group x7 would be zero. Therefore, 
only six of the initial breakdown groups remain to be 
predicted. The six proposed correlations make these 
-19-
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calculations possible [Figures 4-9]. 
The correlating lines do not represent least 
squares fits. The lines drawn are what the author 
feels are the 11 best11 fits to the data. Each data point 
is an arithmetically-averaged value of a particular 
feedstock's GRH runs. The number of runs for each 
feedstock varies from one to ten. Because of the 
diverse nature of the feedstocks which range from pure 
butane to synthetic fuel, the assignment of weighting 
factors to each data point would be difficult. Not 
only must these factors reflect the number of runs 
involved in the average but also the qualitative 
answer to the validity of each feedstock's presence 
in the correlations. Therefore, a least squares fit 
may be as arbitrary as an estimated best fit. 
Not surprisingly, the functions which best correlate 
the data are the same relationships for which a physical 
explanation can be offered. Relative to the other four 
correlations, the correlations of the groups 
(X1 + x2 + X3) and (X4 + x5 + x6 + x7) as linear 
functions of C/H weight ratio best fit the data. The 
following argument is proposed to support the trends 
exhibited by these correlations. 
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To assume that the feedstock having a larger aromatics 
content will also contain a greater amount of aromatics. 
in its initial breakdown is reasonable. The same feed-
stock will subsequently have less alkanes and alkenes, 
and a logical assumption to follow is that the initial 
breakdown will also have a smaller alkane/alkene content. 
The parameters (X1 + x2 + x3) and (X4 + x5 + x6 + X7) 
represent the amount of alkanes/alkenes and aromatics, 
respectively, in the initial breakdown. The C/H weight 
ratio is a qualitative indicator of aromatics content, 
i.e., a larger ratio usually implies more aromatics 
in the feedstock (refer to Table 2). The parameter 
(X4 + x5 + x6 + X7) increases linearly with C/H weight 
ratio, whereas the opposite trend is observed for 
(X1 + x2 + X3). Hence, the proposed argument offers 
physical justification of these trends. 
3. Parity Plots 
Having developed correlations which will predict 
the initial breakdown distribution, the next step was 
to determine how accurately the kinetic model predicts 
the effluent compositions. By inputting the feedstock's 
C/H weight ratio and molecular weight into the six 
correlations, the characteristic initial breakdown for 
each feedstock could be calculated. The x7 group 
(4-ring aromatic compounds) was assumed to be negligible. 
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111e graphical correlations were translated into 
mathematical expressions (Table 3). 
Having determined the initial breakdowns from 
the correlations, the effluent compositions for the 
available pilot plant and laboratory runs were 
calculated, and these predicted values were compared 
to the actual results (The computer program used to 
predict the effluent yields is found in Appendix A). 
Figures 10 through 15 are parity plots of predicted 
values versus actual results for the effluent groups 
w1, w2, ... , w6, respectively. For these plots, each 
feedstock was distinguished by a different plotter · 
symbol. These symbols, along with the number of GRH 
runs for each feedstock, are found in Table 4. 
Comparing the kinetic model's predictions of the 
effluent yields for the six lumped groups, the methane 
(W1) and ethane/ethylene (W2) product yields are 
predicted with the most accuracy, and it's these groups 
which are of prime interest to the process designers. 
This result is even more significant when one considers 
that these two groups account for 68-96%, by weight, 
of the GRH product. The only exception is the lone 
Synthetic Fuel Oil run. For this run, methane, ethane 
and ethylene comprise only 23% of the effluent. Perhaps 
-28-
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Table 3. Mathematical Expressions for Initial 
Breakdown Correlations 
Y = mX + b 
m 
-o. 164 
-o. 184 
-o. 127 
0. 158 
-0.00258 
-0.00143 
-29-
b 
1. 83 
1. 72 
1. 26 
-0.77 
1. 05 
1. 08 
Table 4. Feedstock Plotter Symbols 
., 
.\ ; ) ; Feedstock No. of Runs Plotter Slmbol 
,:· 
·;r 
.,, 
Butane l * :2. 11 
LDF 115 }?. 5 l 
·!~ 
,;, 
LDF 170 9 0 /. 
'.J, Natural Gas Condensate 0 ·{ l . ;~ 
·1 ~ 
-.,!· Kerosene 2 ~ 
No. 2 Fuel Qi l 8 E 
Diesel Oil 2 8 
Topped Kuwait 10 + 
Monagas (Run H-30) l y 
Monagas 3 X 
Tar Sands 8 H 
Synthetic Fuel l z 
-30-
"i' 
C, 
... 
I 
• 0--------------------,. ... 
+ )( 
8 
• co 
..... 
~ 
ffi§ I f- • 
u• 
..... 
C 
w 
~ 
O..o 
8 
• CII 
8 
• c,-1'-__ __.. ___ ...+-___ ...,_ _ ...... __ ___. 
0.000 2.000 4.CDJ 6,m:J B.[DJ LD.IDJXLD -t 
ACTUAL Wl 
FIGURE 10 
Wl (METHANE) PARITY PLOT 
-31-
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Feedstock No. of Runs Plotter Symbol 
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not so coincidentally, the model's worst prediction 
for both w1 and w2 effluent yields is the Synthetic 
Fuel Oil run. (See Figures 10 and 11 where the 
hourglass symbol denotes the Synthetic Fuel Oil 
feedstock). 
In comparison to the w1 and w2 parity plots, there 
' 
is more scatter of the data points relative to the 45 
degree line for the w3 parity plot (Figure 12) which 
means that the model is less accurate when predicting 
w3 effluent yields. On the other hand, a substantial 
number of runs have not been represented on the w3 parity 
plot because of their proximity to the origin. The w3 
yields were zero for six Topped Kuwait runs and all the 
Monagas, Athabasca Tar Sands and Synthetic Fuel Oil runs. 
The model has either predicted zero or 0.001 for these 
runs. These nineteen runs, which were very accurately 
predicted but not represented on the parity plot, 
certainly improve the confidence level of the model's 
ability to predict w3 yields. 
The parity plots for w4, w5 and w6 (Figures 13, 
14 and 15, respectively) reveal that the model is weak 
in predicting the aromatics distribution of the 
effluent. Relative to the other aromatic groups, the 
w4 product yields (benzene, toluene and xylene) were 
-37-
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the largest, and also were predicted with the most 
accuracy. The kinetic model substantially overpredicted 
the w5 effluent yields (2-ring aromatics). Exceptions 
to this trend were the No. 2 Fuel Oil runs (plotter 
symbol E) which were underpredicted. Likewise, predic-
tions for the w6 effluent yields (3-ring aromatics) 
were too high rather than too low by a 2:1 ratio. The 
w6 yields were overpredicted for all the No. 2 Fuel Oil 
and Athabasca Tar Sands runs (plotter symbol H). 
The model's poor predictive capability for the 
aromatic groups is probably the result of the weak 
correlations of X4/(X4 + x5 + x6 + x7) and (X4 + X5)/ 
(X4 + x5 + x6 + X7) as functions of feedstock molecular 
weight. However, the aromatics, especially the 2- and 
3-ring compounds, account for less than 30% of the 
product weight in virtually all the GRH runs. Therefore, 
the absolute error is much less than the relative error 
for the predicted values of the aromatic yields. 
4. Mass Balances 
An overall mass balance between the hydrocarbon 
feed and the effluent is always satisfied because the 
predicted effluent yields are given in terms of pounds 
of product per pound of oil fed. Likewise, the 
hydrogen will always balance because of the excess 
hydrogen in the GRH (Excess H2 prevents carbon deposition 
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in the reactor). 
When using the kinetic model to predict effluent 
yields, the question of whether a carbon balance exists 
between the feed and the final product need never be 
considered because the model predicts the component 
distribution of the GRH effluent in terms of lumped 
hydrocarbon groups instead of individual compounds. 
However, certain uses of the kinetic model such 
as a process design analysis of a proposed GRH run 
will require a specification of the individual effluent 
components. In this case a carbon balance is important 
and can be effected only by having a correct set of 
distribution ratios for the specific components in 
the several effluent groups (For example, the pre-
dicted effluent yield for w2 must be proportioned 
between ethane and ethylene). The determination of 
these ratios should be based on experimental data to 
the extent that such is available. 
The GRH kinetic model was used by the Process 
Engineering Group at Air Products to predict effluent 
flows for four proposed feedstock runs at Air Products' 
Marcus Hook Facility [3]. Related experimental data 
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were available which provided a detailed 
component analysis of the effluent. These 
were used to make a first estimate of the 
component distributions within the hydrocarbon 
groups [5]. However, the ethane/ethylene split 
for the w2 effluent group was allowed to vary in 
order to achieve a rigorous carbon balance. In all 
four cases, the adjustments to the ethane/ethylene 
split were small relative to the split suggested 
by the experimental data [4]. 
5. Temperature Effects 
In developing the GRH kinetic model, Weimer 
assumed that the initial breakdown was independent 
of reactor temperature [21]. In an attempt to 
refine the model, an investigation was made as to 
whether temperature may be a parameter in any of the 
existing correlations involving feedstock properties, 
or whether temperature might provide, by itself, an 
additional correlation needed to determine the initial 
breakdown. Both the temperature at which the feed-
stock enters the reactor, i.e. the preheat temperature, 
and the reactor temperature were considered. Since 
the assumed initial breakdown of the feedstock 
occurs before the reactants attain reactor temper-
ature, it was hoped that preheat temperature rather 
than GRH temperature would provide some type of 
correlation. However, if the GRH reactor temperature 
proves to be the correlating parameter, it can be 
argued that the initial breakdown occurs very, 
very rapidly in the reactor at reactor temperature, 
and, thereafter, the kinetics assume control. 
A review of the data (Appendix B) revealed no 
direct correlation of the initial breakdown groups 
or their correlating groups (e.g., x1 + x2 + X3) as 
a function of GRH preheat temperature. Increasing 
preheat temperatures did not coincide with either an 
increasing or decreasing trend in the initial break-
down component yields or their correlating groups. 
Having discovered no trend with preheat temper-
atures, attention was then focused on the effect of 
reactor temperature on the initial breakdown. 
Partially-vaporized Topped Kuwait crude oil was the 
only feedstock for which a substantial number of 
runs were performed over a wide GRH temperature range. 
Four runs were performed at reactor temperatures in 
the 1320-1340°F range and six runs in the 1635-1665°F 
range (refer to Table 8-6). For the high temperature 
runs, the amount of x3 (propane, propylene and heavier 
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paraffins) in the initial breakdown was zero compared 
to an average of 0.287 pound of x3 per pound of oil fed 
for the low temperature runs. The benzene/toluene/xylene 
group, x4, seems to increase in quantity with increasing 
temperature, as shown in Figure 16. In Figure 17, the 
sum (X1 + X2) exhibits a more pronounced increase with 
higher reactor temperatures. 
Although preheat temperature effects can be dis-
counted, additional data aimed at isolating the reactor 
temperature effects on the initial breakdowns of various 
feedstocks are required before a conclusion can be drawn. 
Consequently, the correlations (Figures 16 and 17) 
developed from the Topped Kuwait feedstock runs were 
not used to determine initial breakdown distributions . 
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D. Summary 
The GRH kinetic model originally proposed by Weimer has 
been extended by considering an enlarged data base and by 
the development of correlations (Figure 4-9) that determine 
the initial breakdown as a function of characteristics of 
a particular feedstock. Given the residence time and 
reactor temperature, the prediction of GRH effluent yields 
is possible once the initial breakdown has been determined. 
The predictive accuracy of the extended model has been 
tested by calculating effluent yields for fifty-one GRH 
runs and comparing these results to actual values. 
On the average, the kinetic model predicted the methane 
and ethane/ethylene yields to within !5 and 16%, respectively, 
of their actual values. Although able to predict the total 
aromatic content of the effluent to within !26% (average) 
of the observed results, the model was very weak in predict-
ing (W5) and anthracene (W6) groups. Two possible explana-
tions can be offered. First, the accuracy of the actual 
values for aromatic yields is questionable. For many runs, 
the 3- and 4-ring aromatic compounds were lumped together 
in the effluent-yield analysis. In these cases, it was 
assumed that the amount of 4-ring aromatic compounds was 
negligible. Secondly, and probably more important, two 
of the correlations (Figures 8 and 9) developed to 
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determine the quantity of aromatics in the initial break-
down were poor fits of the data. 
When one considers that methane, ethane and ethylene 
comprise at least 70% of the product weight, the model 1 s 
inability to predict accurately the aromatic effluent yields 
is overshadowed by its accurate predictions of the methane 
and ethane/ethylene effluent yields. The simplicity of the 
model and the diversity of the feedstocks considered make 
these results even more encouraging. The true test of this 
kinetic model will be how well it can incorporate new feed-
stocks and future data. 
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E. Recommendations 
1. From the limited data available, it has been demonstrated 
that the initial breakdown parameters x4 and (X1 + X2) 
are increasing functions of reactor temperatures. 
Future laboratory or pilot plant GRH studies should be 
aimed at isolating the effect of reactor temperature on 
initial breakdown for various feedstocks. The possibility 
of these parameters serving as a basis for improved 
correlations could then be investigated. 
2. Future GRH runs should include a detailed analysis of 
the effluent components. Specifically, the polycyclic 
aromatics should be reported with more resolution 
relative to 2-, 3- and 4-ring compounds. Perhaps then 
a correlation to predict x7 could be developed. 
3. The effect of other reactor operating conditions, such 
as reactor pressure and the volume ratio of hydrogenating 
gas to distillate feed, on initial breakdown could be 
investigated. 
4. After the above issues have been resolved, the kinetic 
rate constants should be fine tuned to improve the model 1 s 
predictive powers. Relative to Weimer's proposed values, 
the rate constants have already been adjusted using a 
trial-and-error technique. However, a numerical analysis 
method should be used for future adjustments. 
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IV. FIRST-PRINCIPLES APPROACH 
A. Introduction 
Prior to pursuing Weimer 1 s original kinetic model, an 
alternate modeling approach was considered. The chief 
difference between approaches was that the reactants in 
Weimer 1 s reaction scheme consisted of groups of similar 
compounds formed from an assumed initial breakdown of the 
feedstock, whereas this alternate approach regarded the 
reaction species to be the specific chemical compounds which 
comprise the feedstock. In reference to this fundamental 
difference, the alternate modeling effort was dubbed the 
11 First-Principles Approach 11 • The obvious advantage of this 
type of kinetic model over the Weimer model is the ability 
to predict the effluent yields of individual species rather 
than lumped groups. 
A goal was set to develop a kinetic model, via the First-
Principles Approach, with the ability to predict GRH efflu-
ent yields for an LDF 170 feedstock (light distillate frac-
tion with a boiling end point of 170°C). A linearly 
independent set of chemical reactions was desired that 
would accurately represent the dynamic behavior of the 
highly coupled system of chemical reactions occurring within 
the GRH. The reaction scheme was to be developed using 
only first order reactions. An analogy can be made 
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between the role of a first order system in the chemical 
kinetics of complex systems and that of the equation of state 
for an ideal gas in classical thermodynamics [20]. The 
first order system is an idealized representation of the 
rate processes. 
Instead of initially attempting to develop a kinetic 
model for LDF 170, a building-block approach was employed. 
Simple reaction schemes and the appropriate rate constants 
were to be developed successively for the thermal hydro-
cracking of pure ethane, propane, n-butane and finally 
LDF 170. Each case was to be an extension of the reaction 
scheme for the previous feedstock. As an example, the 
extension of the ethane hydrocracking kinetic model to in-
clude propane hydrogenolysis required the addition of chem-
ical reactions to the model which would account for the 
additional products introduced by the heavier feedstock 
(propane). However, the kinetic rate constants developed 
previously for the chemical reactions describing ethane 
hydrogenolysis were not to be changed. Only the rate con-
stants for the additional reactions needed to be determined. 
In this manner, progression to heavier feedstocks should 
occur until a kinetic model was developed that would predict 
the effluent yields for LDF 170 GRH runs. 
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8. Numerical Analysis Methods 
Each kinetic model consisted of a chemical reaction 
scheme whose kinetics were expressed as first-order rate 
equations. For practical convenience when reducing the data, 
the rate equations were written in terms of partial pressure 
which in turn was expressed as the product of the mole frac-
tion and the total pressure. The introduction of mole frac-
tions into the rate expressions resulted in a kinetic model 
consisting of nonlinear differential equations -- the unknowns 
being the kinetic rate constants. 
Published effluent yield data [17] for ethane, propane 
and n-butane hydrogenolysis have been studied in an effort to 
determine the rate constants. Numerical support of this work 
was kindly provided by Dr. Ken Anselmo of the Management 
Information Department at Air Products and Chemicals, Inc. 
The numerical methods involved a nonlinear least squares 
routine coupled with a routine to integrate the model's rate 
equations. The former routine employs a finite difference 
Levenberg-Marquardt approach [7] to determine rate constants 
which will provide accurate predictions of the effluent 
yields. The integration routine [8] uses collocation methods 
known to be particularly effective in solving stiff ordinary 
differential equations. Originally, a standard Runge-Kutta 
method was used, but extraordinarily small step sizes were 
-so-
required which indicated the possibility of stiff equations 
[ l]. 
The numerical routine to determine the kinetic rate con-
stants is an iterative procedure. Input data consist of com-
ponent feed rates, actual effluent yields and initial estimates 
of the rate constants. The feed rates are the initial con-
ditions for a set of ordinary differential equations (o.d.e. 1 s) 
which make up the kinetic model. The o.d.e. 1 s are integrated 
over the entire reactor volume to determine effluent yields. 
The nonlinear least-squares routine compares these integrated 
values with actual results and adjusts the rate constants to 
achieve better agreement. The above procedure of integration, 
comparison and adjustment is then repeated until the rate 
constants are no longer changed by the least squares routine. 
-51-
j 
j 
I 
1 
·1 
C. Kinetic Models for the Hydrogenolysis of Paraffins 
1. Literature Data 
In an attempt to develop kinetic models for ethane, 
propane and n-butane hydrogenolysis, the effluent yield 
data were obtained from published literature. Schultz 
[17] studied the kinetics of the thermal hydrogenolysis 
of these low-molecular-weight paraffins in a flow system 
at 1000 psig and 1000 to 1200°F. The hydrogen flow 
rate satisfied the-stoichiometric feed ratio needed for 
complete hydrocarbon conversion to methane. The flow 
system was a tubular reactor with an inside sleeve of 
stainless steel construction. The inside sleeve was two 
inches in diameter and 35 inches long which produced an 
overall reactor volume of 0.0636 cubic feet. 
2. Ethane Hydrogenolysis 
Schultz postulated a free radical mechanism to 
interpret the results of his ethane hydrogenolysis 
studies [17]. He found that the predicted rate for the 
initiation reaction, c2H6 ~ 2CH3, agreed closely with 
the observed rate of ethane disappearance. Schultz 
also concluded that the product distribution of ethane 
hydrocracking could be reasonably represented by the 
simple model: 
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A review of the data revealed that over 98 mole 
percent of the effluent consisted of ethane, hydrogen 
and methane. Inerts (N2, CO 2 and CO), ethylene and 
heavier olefins, and heavier paraffins made up the re-
mainder. The inerts were probably introduced into the 
reaction system with the corT111ercial-grade cylinder 
hydrogen. Therefore, the proposed kinetic model ac-
counted for virtually all of the effluent components. 
Using the numerical analysis techniques previously 
discussed, the kinetic rate constants were determined, 
and the effluent yields predicted from the following 
first-order rate expressions: 
-d[C2H6] = -d[H2J = 1 d[CH4] = K . X(C H ) · p 
dV dV 2 dV l 2 6 T 
where the rates of formation (disappearance) are in lb-
moles per hour per cubic foot of reactor volume, [C 2H6] 
is the molal rate of flow (lb moles/hr) of c2H6 into the 
volume element, dV, X(C 2H6) is the mole fraction of 
ethane, PT is the total pressure in atmospheres and K1 
is the kinetic rate constant in appropriate units. 
Ten ethane hydrogenolysis runs performed by Shultz 
were simulated. The kinetic rate constants were deter-
mined and the resultant predictions of the effluent 
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yields for each run are listed in Table 5. The objective 
of the numerical analysis routines was to converge on a 
kinetic rate constant which would provide the most accu-
rate effluent yield predictions. Therefore, it was not 
surprising to observe such good agreement between the 
actual and predicted values. 
The Arrhenius relationship for the ethane hydrogen-
1 
olysis rate constant, K1, was determined from a least 
squares fit of the data in the form of ln K1 versus 1/T 
(Figure 18), where Tis in absolute temperature (0 R). 
The resulting expression is: 
K1 = 7.26 x 10
8 exp (-95,674/RT) 
where the rate constant is in terms of lb-mole/hr/ft3/ 
psia, Tis in °Rand R is the universal gas constant, 
1.987 Btu/0 R/lb-mole. An indication of the quality of 
fit achieved by the linear regression is the statistical 
quantity termed the coefficient of determination. For 
this regression analysis, the coefficient was 0.89. 
Values close to 1.00 indicate a good fit. 
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Table 5. Ethane Hydrogenolysis [17] 
Pressure: 1000 psig Reactor Volume: 0.0636 cu. ft. 
Run No. C G B D F H I K L M 
Reactor Temp. , OF 1130 1215 1080 1125 1160 1210 1070 1115 1150 1210 
Feed Rates, 
lb-mole/hr 
Ethane 0.0223 0.0228 0.0436 0.0438 0.0435 0.0439 0.0875 0.0872 0.0878 0.0859 Hydrogen 0.0197 6.0201 0.0384 0.0386 0.0384 0.0387 0.0769 0.0767 0.0722 0.0756 Total 0.0420 0.0429 0.0820 0.0824 0.0819 0.0826 0. 1644 o. 1639 0. 1600 0. 1615 
Effluent Flow Rate, 0.0412 0.0433 0.0825 0.0837 0.0842 0.0839 0. 1631 0. 1664 0. 1590 0. 1651 lb-mole/hr 
Effluent Compositions: 
lb-mole/hr 
c2H6 , actual 0.0205 0.0172 0.0434 0.0436 0.0417 0.0369 0. 0871 0.0900 0.0837 0.0801 c2H6 , predicted 0.0215 0.0169 0.0429 0.0428 0.0403 0.0363 0.0867 0.0858 0.0848 0.0757 
H2 , actual 0.0190 0.0142 0.0377 0.0380 0.0360 0.0317 0.0744 0.0735 0.0693 0.0645 H2 , predicted 0.0189 0.0142 0.0377 0.0376 0.0352 0. 0311 0.0761 0.0753 0.0742 0.0654 
CH4 , actual 0.00166 0.0119 0.0014 0.0021 0.0065 0.0153 0.0016 0.00284 0.00607 0.0204 CH4 , predicted 0.00166 0. 0118 0.0014 0.0021 0.0065 0.0152 0.0016 0.00284 0.00609 0.0203 
K X 105 3 1~-mole/hr/psia/ft 
2.47 19.9 2.06 3. 10 9.80 24.3 2.34 4. 17 9.03 31.5 
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LEAST SQUARES FIT OF ETHANE HYDROGENOLYSIS RATE CONSTANT (K1) 
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3. Propane Hydrogenolysis 
From his studies, Shultz concluded that the product 
distribution of propane hydrogenolysis could be repre-
sented closely by the following model: 
K2 
C3H8 + H2 ~ C2H6 + CH4 
Kl C2H6 + H2 ~ 2CH4 
The proposed model accounted for almost all of the 
effluent from the propane hydrogenolysis runs. Less 
than one mole percent of the product consisted of com-
pounds unaccounted for by the model: higher paraffins, 
ethylene, propylene, butylenes and acetylene. 
The rate constant, K1, that had been calculated for 
the pure ethane runs was used as the rate constant for 
the overall disappearance of ethane during propane 
hydrogenolysis. The kinetic rate constant, K2, and 
the effluent yields were computed based on the following 
rate equations: 
d[CH4J = 2 · K · X(C H) . P + K . X(C H) . PT 
dV l 2 6 T 2 3 8 
d~:2] = -K2 · X(C3H8) ' PT - K1 . X(C2H6) . PT 
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Shultz performed eleven propane hydrogenolysis runs. 
Based on the rigorousness of their carbon balances, seven 
of these runs were chosen to be simulated. For each of 
the runs, the kinetic rate constant, K2, which best pre-
dicted the effluent yields was determined. These results 
are listed in Table 6. With the exception of hydrogen, 
the propane model predicted the yields with as much 
accuracy as the ethane model predicted its yields. The 
hydrogen effluent composition was underpredicted from 1 
to 24% in six of the runs and overpredicted by 10% in the 
remaining run. 
A rate constant, K2, was calculated for each run 
' and an Arrhenius expression was developed via a least 
squares fit (Figure 19): 
7 K2 = 6.90 x 10 exp (-76,300/RT) 
where K2 is in lb-moles/hr/psia/ft
3
. The coefficient of 
determination for the linear regression analysis was 
0.93. 
4. Effects of Hydrogen Partial Pressure 
By expressing the kinetic rate constants in the 
form of an Arrhenius equation, the only variable which 
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Table 6. Propane Hydrogenolysis [17] 
Pressure: 1000 psig Reactor Volume: 0.0636 cu. ft. 
Run No. 10 9 2 3 4 5 6 
Reactor Temp., °F 945 1045 960 1135 1235 930 1010 
Feed Rates, lb-mole/hr 
Propane 0.01472 0.01530 0.0277 0.0276 0.0281 0.0556 0.0565 Hydrogen 0.0282 0.0279 0.0658 0.0550 0.0551 0. 1112 0. 1127 Total 0.0429 0.0432 0.0935 0.0826 0.0832 0. 1668 0. 1692 
Effluent Flow Rate, 0.0461 0.0489 0.0886 0.0874 0.0888 0. 1727 0. 1707 lb-mole/hr 
Effluent Compositions: 
lb-mole/hr 
c2H6 , actual 0.00144 0.00893 0.00134 0.0244 0.0216 0.00121 0.0129 c2H6 , predicted 0.00139 0.00934 0.00148 0.0250 0.0227 0.00138 0.0141 
H2 , actual 0.0301 0.0241 0.0587 0.0324 0.0263 0. 1150 0.0997 H2 , predicted 0.0268 0.0184 0.0643 0.0284 0.0221 0. 1098 0.0986 
CH4 , actual 0.00135 0.0102 0.00169 0.0289 0.0406 0.00173 0.0159 CH4 , predicted 0.00139 0.0096 0.00148 0.0274 0.0381 0.00138 0.0141 
c3H8 , actual 0.0132 0.00560 0.0268 0.00175 0.00027 0.0548 0.0422 c3H8 , predicted 0.0133 0.00588 0.0262 0.00176 0.00027 0.0542 0.0424 
K X 105 3 l~-mole/hr/psia/ft 
6.59 64.0 7.93 352 600 6.94 75.2 
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LEAST SQUARES FIT OF PRO~ANE HYDROGENOLYSIS RATE CONSTANT (K2) 
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will have a direct effect on the rate constants is tem-
perature. Shultz isolated the effects of pressure by 
performing three propane hydrogenolysis runs at total 
pressures of 500, 1000 and 1500 psig while maintaining a 
constant reactor temperature of 1035°F and a feed ratio 
of approximately 2 moles H2/mole c3H8. From the results 
presented in Table 7, it is clear that increased hydrogen 
partial pressure accelerates the disappearance of 
propane. The proposed kinetic model for propane hydro-
genolysis consists of first-order rate equations which 
do not explicitly account for the effect of hydrogen 
partial pressure. Will a second-order mechanism explain 
the kinetic data better than the proposed first-order 
model? 
To answer this question, the ten runs for pure 
ethane hydrogenolysis were resimulated using the same 
reaction scheme. However, the rate equations were 
written as second-order expressions to include the 
effect of varying hydrogen partial pressures. The 
resultant Arrhenius expression is: 
Ki = 9.80 x 107 exp (-100,216/RT) 
where the units of Ki are lb-moles/hr/psia/ft3 and the 
superscript (') indicates that the rate constant is from 
a second-order rate equation. 
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The three propane runs at the different pressures 
were then simulated using both first- and second-order 
rate expressions. These two cases are depicted in Figure 
20. The rate constants, K1 and K1, whose Arrhenius 
expressions were determined from the pure ethane hydro-
cracking runs were used as the rate constants for the 
overall disappearance of ethane during propane hydrogen-
olysis. Therefore, the numerical routines only deter-
mined the kinetic rate constants, K2 and K2, of the 
reaction c3H8 + H2 ~ c2H6 + CH4 for both the first-
and second-order cases, respectively. Table 7 lists the 
rate constants that were determined and the effluent 
yields which were predicted. Surprisingly, both mech-
anisms predicted the same effluent yields. However, the 
K2 values show a definite trend with pressure, and 
therefore the second-order mechanism does not satisfac-
torily explain the kinetic data. The K2 values are not 
only more nearly identical, but the slight variations 
show no definite trend. Therefore, the assumption of 
a first-order mechanism seems justified, and this assump-
tion was extrapolated to the kinetic models that follow. 
5. n-Butane Hydrogenolysis 
The kinetic model which most accurately predicted 
the product distributions for then-butane hydrogenolysis 
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Propane Hydrogenolysis Reaction Scheme 
1st order mechanism: 
d[C3Hg] = -K · X(C H ) · P 
dV 2 3 8 T 
d[CH4] = K • X(C H ) ' PT+ 2 . K1 . X(C2H6) • P dV 2 3 8 T 
2nd order mechanism: 
d[C3Hg] = -K 1 ' X(C H ) . X(H ) ' P2 
dV 2 3 8 2 T 
d[C2H6] = K1 • X(C H ) . X(H ) . P2 - K1 ' X(C H ) . X(H ) . P2 dV 2 3 8 2 T 1 2 6 2 T 
d[CH4] = K1 • X(C H ) · X(H ) . PT2 + 2 . K1
1 
• X(C2H6) • X(H2) . P~ dV 2 3 8 2 
d[H2J = -K 1 • X(C H ) · X(H ) . PT2 - K1
1 
' X(C2H6) • X(H 2) . P
2 
dV 2 3 8 2 T 
Figure 20. Propane hydrogeno1ysis: 1st order vs. 2nd order 
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Table 7. Propane Hydrogenolysis - Effects of Pressure [17] 
Ave. Reactor Temp.: 1035°F Reactor Volume: 0.0636 cu. ft. 
Run No. 15 l 13 
-
Reactor Pressure, psig 500 1000 1500 
Feed Rates, lb-mole/hr 
Propane 0.0281 0.0294 0.0281 Hydrogen 0.0557 0.0562 0.0561 Total 0.0838 0.0856 0.0842 
Effluent Flow Rate, 0.0872 0.0886 0.0861 lb-mole/hr 
Effluent Compositions, 
lb-mole/hr 
c2H6, actual 0.00608 0.0102 0.0140 c2H6, predicted 0.00666 0.0111 0.0148 
l H2, actual 0.0510 0.0490 0.0421 l j H2, predicted 0.0490 0.0450 0. 0411 
j 
l CH4, actual 0.00777 0.0122 0.0166 l CH4, predicted 0.00668 0.0112 0.0151 
! 
I c3H8, actu~l 0.0223 0.0171 0.0134 
! 
c3H8, pred1 cted · 0.0214 0.0182 0.0132 
Rate Constants, 3 lb-mole/hr/psi a/ft 
l st order: 6 7.47 7.47 7.47 Kl x 104 K2 x 10 6.93 6.33 6.60 
2nd order: K', x 10~ 2. 18 2. 18 2. 18 
K12 x 10 3. 18 1. 57 1. 14 
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runs is described in Figure 21. The model consists of 
seven irreversible reactions. However, these chemical 
reactions do not form a linearly independent set because 
the seventh reaction is a linear combination of the first 
three. 
Originally, a linear independent set consisting of 
the first six reactions (found in Figure 19) was used to 
simulate a number of n-butane hydrocracking runs. 
Effluent yield predictions from these simulations were 
consistently too low for methane, ethane, ethylene and 
propane, and consistently too high for n-butane, all 
relative to the actual results. To reduce then-butane 
remaining in the effluent, the chemical reaction 
C4H10 + H2 ~ 2C2H6 was added to the reaction scheme, 
thereby destroying the set's linear independence. In 
addition to reducing n-butane yields, this reaction 
increased ethane yields -- a desired result. 
With this addition to the kinetic model, then-
butane runs were resimulated. Values of the rate con-
stants (K1 and K2) for the first and second reactions 
were calculated using the Arrhenius equations developed 
for the rate constants of pure ethane and propane hydro-
genolysis, respectively. Yet to be determined were the 
remaining five constants K3 through K7. 
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(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
Chemical Reaction 
Kl 
C2H6 + H2 ~2CH 4 
c3H8 + H2 
K2 
~ c2H6 + CH4 
K3 
c4H10 + H2 ~ C3H8 + CH4 
C2H6 
K4 
C2H4 + H2 
c3H8 
K5 
C3H6 + H2 
C4H10 
K6 
,. c4H8 + H2 
K7 
~ 
C4Hl0 + H2 2C2H6 
Component Rates of Formation 
d[C2H6]/dV = 2 ' R7 + R2 - R1 - R4 
Reaction Rate Expressions 
d[H2]/dV = R4 + R5 + R6 - R1 - R2 - R3 - R7 
d[CH4]/dV = 2 ' R1 + R2 + R3 
d[C3H8]/dV = R3 - R2 - R5 
d[C2H4]/ dV = R4 
d[C4H10]/dV = -R3 - R6 - R7 
d[C3H6]/dV = R5 
d[C4H8]/dV = R6 
Figure 21. Kinetic Model of n-Butane Hydrogenolysis 
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In order to determine these unknown rate constants, 
initial estimates of their values had to be supplieq to 
the numerical routine. The routine then attempted to 
determine a set of rate constants which provided the 
most accurate predictions of the effluent yields. The 
ability of the numerical analysis routine to dete.rmine 
these 11 best-fit11 rate constants was sensitive to the 
initial estimates of the rate constant values. If the 
differences between the initial estimates and the best-
fit values (which were unknown initially) were many 
orders of magnitude, then the routine was unable to con-
verge upon the best-fit values, within the constraints 
of the program. 
The determination of five unknown rate constants 
required a large number of numerical iterations if the 
initial values of the rate constants were poorly estimated. 
To improve the efficiency of the routine, the reaction 
rate expressions R5 and R6 for the fifth and sixth re-
actions, respectively, were assumed to be zero because 
only small quantities of propylene and butylene were 
reported in the effluent composition. As a result, only 
six of the eight formation rates required integration. 
The initial values of the rate constants K3 through 
K7 were estimated to be equal to those determined by the 
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Arrhenius expression used for K2 (pure propane hydrogen-
olysis). Then-butane runs were simulated and values for 
K3 through K7, less K5 and K6, were determined. Using 
these newly-determined values as initial estimates, the 
n-butane runs were resimulated without the assumption of 
zero reaction rates for the propylene and butylene-
producing reactions, and the best-fit values for the 
five rate constants were determined. The final result 
was a set of rate constants which provided reasonably 
accurate effluent yield predictions for all components 
except methane and propane. 
The predicted values for methane yields were consis-
tently low while the propane values were high relative 
to observed results. To remedy this problem, the rate 
constant K2 was no longer determined via the Arrhenius 
expression developed for pure propane hydrogenolysis. 
Instead, then-butane runs were resimulated with the 
rate constant K2 along with constants K3 through K7 to 
be determined by the numerical routine. The best-fit 
values previously calculated for K3 through K7 were 
used as initial estimates, while the value for K2 was 
initially set equal to that calculated from the propane 
hydrogenolysis Arrhenius equation. Tables Sa and Sb 
present a comparison of the actual and predicted values 
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for the effluent components for ten n-butane runs, while 
Table 9 lists the best-fit values for K2 through K7. 
By allowing the rate constant K2 to be an unknown 
constant instead of a determinable quantity via the 
Arrhenius relationship, accurate yield predictions for 
all effluent components were obtained. However, the 
kinetic rate constants which produced these good pre-
dictions do not exhibit a consistent trend with respect 
to reactor temperature. 
Not one of the rate constants (Table 9) obeys the 
Arrhenius relationship which predicts exponential 
increases in the rate constants with increasing reaction 
temperatures. This additional setback called for a re-
assessment of the First-Principles modeling approach. 
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Table 8a. Butane Hydrogenolysis [17] 
Reactor Pressure: 1000 psig Reactor Volume: 0.0636 cu. ft. 
Run No. A B C D E 
-
Reactor Temp., °F 950 1040 1125 1220 925 
Feed Rates, lb-mole/hr 
n-Butane 0.01121 0.00930 0.00978 0.01035 0.0233 Hydrogen 0.0315 0.0315 0.0315 0.0306 0.0620 Total 0.04271 0.0408 0.04128 0.04095 0.0853 
Effluent Flow Rate, 0.0431 0.0426 0.0410 0.0419 0.0915 lb-mole/hr 
Effluent Compositions, 
lb-mole/hr 
c2H6, actua 1 0.00224 0.00716 0. 0113 0.00913 0.00220 c2H6, predicted 0.00225 0.00728 0.0132 0.00904 0.00219 
H2, actual 0.0274 0.0218 0.0141 0.0100 0.0634 H2, predicted 0.0279 0.0202 0.0170 0.0099 0.0585 
CH4, actual 0.00332 0.00950 0.0151 0.0225 0.00384 CH4, predicted 0.00333 0.00946 0.0107 0.0219 0.00383 
c3H8, actua 1 0.00233 0.00290 0.00025 0.00004 0.00201 C3H8, predicted 0.00234 0.00294 0.00024 0.00004 0.00201 
c2H4, actual 0.00030 0.00017 0.0 0.00017 0.00018 c2H4, predicted 0.00030 0. 00017 0.0 0. 00017 0.00018 
c4H10 , actual 0.00677 0.00089 0.00008 0.00004 0.0186 c4H10 , predicted 0.00689 0.00090 0.00007 0.00004 0.0188 
C3H6, actual 0.00043 0.00008 0.0 0.0 0.00064 
C3H6, predicted 0.00043 0.00008 0.00027 0.00009 0.00064 
C4H8, actual 0. 00013 0.00004 0.00004 0.0 0.00037 C4Ha, pr,edicted 0.00013 0.00004 0.00004 0. 00012 0.00037 
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Table 8b. Butane Hydrogenolysis [17] 
Reactor Pressure: 1000 psig Reactor Volume: 0. 0636 cu. ft. 
Run No. F K G H I 
- - - - -
Reactor Temp. , OF 1015 1115 935 1030 1100 
Feed Rates, lb-mole/hr 
n-Butane 0.0223 0.0241 0.0454 0.0467 0.0471 
Hydrogen 0.0629 0.0623 0. 1252 0. 1239 0. 1244 
Total 0.0852 0.0864 0. 1706 0. 1706 0. 1715 
Effluent Flow Rate, 0.0926 0.0901 0. 1788 0. 1767 0. 1733 
lb-mole/hr 
Effluent Compositions, 
lb-mole/hr 
c2H6, actual 0.0116 0.0264 0.00358 0.0200 0.0496 c2H6, predicted 0.0121 0.0255 0.00358 0.0204 0.0503 
I H2, actual 0.0502 0.0277 0. 1255 0.0938 0.0520 j H2, predicted 0.0446 0.0267 0. 1207 0.0917 0. 0511 l 
I 
i CH4, actual 0.0158 0.0341 0.00572 0.0283 0.0632 i I CH4, predicted 0.0160 0.0326 0.00572 0.0286 0.0632 I 
I c3H8, actual 0.00648 0.00153 0.00286 0.0145 0.00590 
I c3H8, predicted 0.00678 0.00153 0.00286 0.0149 0.00591 : 
j c2H4, actual 0.00130 0.00027 0.00125 0.00177 0.00104 ' I c2H4, predicted 0.00131 0.00027 0.00125 0.00177 0.00104 
c4H10 , actual 0.00537 0.00009 0.0370 0.0145 0.00087 c4H10 , predicted 0.00567 0.00009 0.0377 0.0150 0.00087 
c3H6, actual 0.00083 0.0 0.00179 0.00212 0.00017 c3H6, predicted 0.00084 0.00088 0.00179 0.00213 0.00017 
c4H8, actual 0.00018 0.0 0.00036 0.00071 0. 00017 c4H8, predicted 0.00018 0. 00117 0.00036 0. 00071 0.00017 
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Table 9. Kinetic Rate Constants for then-Butane Hydrogenolysis Runs 
Run No. E G A F H B I K C D 
Reactor Temp, OF 925 935 950 1015 1030 1040 1100 1115 1125 1220 
Rate Constants: 
lb-mole/hr/psia/tt3 
K2 x 104 6.36 7.84 l. 34 10.8 14.8 7. 18 66.5 40.4 26.2 60.5 
K3 x 103 0.206 0.333 0.229 l. 30 2. 18 l. 09 7.90 5.39 l. 58 2.66 
K4 x 104 2.25 16.9 l. 64 2.54 4. 16 0.254 0.853 0.206 0 0. 133 
K5 x 104 6.94 26.4 2.06 2. 15 5.45 0. 194 0.408 2.43 l. 61 0.724 
K6 x 105 2.31 2.29 0.971 2.04 6.78 0.751 3.99 37.0 l. 32 4. 16 
K7 x 104 0.566 l. 38 0.853 5.09 7.86 3.83 27.0 18.6 15.4 8.24 
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D. Summary 
At the outset of this design project, a one-year target 
was set in which to develop a viable kinetic model of the GRH. 
The failure of the Arrhenius relationship to describe the 
behavior of the rate constants, in combination with this 
target date, led to the abandonment of the First-Principles 
Approach in favor of the Weimer model. Although this deci-
sion was justifiable in light of the time constraint, an 
additional analysis of the First-Principles Approach's 
limited success was warranted. 
Wei and Prater [20] investigated the difficulties in 
determining the values of rate constants from experimental 
data. They concluded that although rate constants could be 
developed for complex systems which would fit a particular 
set of experimental data, these constants would be inaccurate 
in predicting the reaction kinetics for experimental data 
which were not used in evaluating these rate constants. 
Meaningful values for the rate constants would require 
an excessively large data set which is exceedingly accurate. 
Unfortunately, the data available for the First-Principles 
Approach were limited in number and of unknown accuracy. 
Another possibility for the limited success attained 
is that an irreversible, first-order system is inadequate to 
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explain GRH kinetic behavior. Most of the literature suggests 
free radical mechanisms to explain thermal hydrocracking 
behavior. Sundaram and Froment [18] proposed a kinetic model 
for ethane cracking which consisted of 49 reactions and 20 
species (11 molecular and 9 radical). Shultz [17] postu-
lated a free radical scheme to describe ethane hydrogenolysis. 
However, he stopped short of developing a quantitative treat-
ment of propane hydrocracking in terms of free radical 
mechanisms because of the complexity of the system and in-
sufficient literature data on the kinetic rate constants 
involved. To describe the kinetic behavior inside the GRH 
in terms of free radical mechanisms, a model of extreme com-
plexity would be required for the feedstocks contemplated. 
A mathematical model is the result of a compromise be-
tween rigor (model complexity) and the availability of accurate 
kinetic data. The Weimer model with its extensions was just 
such a compromise. ,The failure of the Arrhenius relationship 
to represent the rate constants for the proposed kinetic 
model of n-butane hydrogenolysis, a desire not to go into 
complex, free-radical mechanisms, and the opinion of Wei and 
Prater were three factors which supported the shift to the 
simpler Weimer model. 
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Appendix A 
Sample Calculations 
The mechanism proposed for GRH reaction kinetics involves the 
reaction of seven hydrocarbon groups representative of the product 
stream. These groups only hydropyrolyze into smaller groups. The 
coefficients of the chemical reactions in the kinetic model are based 
on the most predominant compound of each hydrocarbon group, for example, 
propane in the c3+ group and ethane in the c2 group. Also, the coeffi-
cients reflect the amount of hydrogen consumed during the reaction. 
The A1 group represents one-ring aromatic compounds such as benzene, 
toluene and xylene. Of these compounds, benzene is the more abundant. 
The breakdown of the A1 group is given by: 
,.. o.769 c2 + o.410 c1 
where c1 is methane only and c2 includes ethane and ethylene. In the 
product stream of the GRH, ethane is usually more abundant than ethylene. 
The A1 hydropyrolysis reaction can be rewritten as: 
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The molecular weight of benzene is 78. 11 pounds per pound mole. 
If one pound mole of benzene reacts, the amount of ethane and methane 
produced, in terms of pound of product per pound of benzene, is: 
ETHANE: 
METHANE: 
2 (30.07 lb c2H6/lb mol) lb c2H6 
----------- = 0. 769 ---78. 11 lb c6H6/lb mol lb C6H6 
2 (16.04 lb CH4/lb mol) lb CH4 
-------- = 0.410--
78. 11 lb c6H6/lb mol lb C6H6 
The coefficients of the remaining five reactions in the model were 
developed in a manner similar to that just outlined (See Figure 2). 
Propane, naphthlalene, anthracene and pyrene are the compounds chosen 
to represent groups c3, A2, A3 and A4, respectively, when determining 
the coefficients. 
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Sample Calculations 
~ROGRA~ FA~ITY(INPUT,OUTPUT,TAPE5=INPUT,TAPE6•0UTPUT) tI~~NSIC~ TITLE(11> REAL HW 
THIS PROGRAH UTILIZES THE WEIHER KINETIC HODEL ALONG WITH THE INITIAL EREAKOOWN CORRELATIONS DEVELOPEO BY J, HANNA TO PREDICT GRH EFFLUENT YIELDS. 
EACH FEEDSTOCK CAN BE CHARACTERIZ~D BY ITS OWN INITIAL e~EAKOOWN. THE FIRST 00 LOOP PROVIDES THE CA?ACITY TO CALCULATE THE CHARACTE~ISTIC INITIAL e~;AKOOWNS FOR A~, NUMBE"fN' OF FEEOSTOCKS. TH~SE INITIAL BREAl<OOWNS CAN BE DETERMINED FRO~ H~ CORRELATIONS WHICH FOLLOW IF TH~ CAReON/HYO~OGEN HEIG~T RATIO CC/HJ ANO THE MOLECULAR WEIGHT (HW> OF THE FEEDSTOCK ARE KNOWN, THE AMCUNT 0~ 4•RING ARO~ATICS (X7) PRESENT IN THE INITIAL BREAK• DOWN IS ASSUMED TO BE NEGLIGIBLE, 
j 2 ~ 
C1=•0,1E4•CH+1,83 C2=•0,18~•CH+1,7c C3=•0,127•CH+1,26 At= u.1se•cH-o.11 
A2=•0,0025f•MW+1.0S A3=•0.00143•MW+1.08 
ARE THE 1!'}~ITIAL eREAl<DCWN CORRELATIONS. 
t C 1 : ( X 1 + X 2 + X 3) C 2 = C X 2 + X 31 C '3 = ( X 1 + X 3) C A1 = (Xlt+X5+X6+X7) A2 = Xlt/(Xlt+XS+X6+X7) C A3 = (X~+X5)/(X4+XS+X6+X7l 
C CALCULATE THE INITIAL BREAKDOWN, LB/Le CF OIL FED. 
C 
C 
C 
C 
C 
C 
C: 
C 
C 
X1=C1•C2 
X2=C1•C'3 
X3=C1-cx1+X2) 
Xft= A 1 •A 2 X5=A3•At•X4 
Xo=A1•(X4+X5) 
X7=0.0 
N~GATIVE VALUES FOR THE INITI~l BREAKDOWN 00 NOT HAVE ANY PHYSICAL MEA~ING. THER~FORE, IF THE VALUES PREUICTEO 9Y THE CORRELATIONS ARE NEGATIVE, THEN THESE VALUES WILL BE SET ECUAl TC ZERO, 
IF<X1,lT,0,0) Xt=O.O 
IF C X 2 , L T, D. 0 > X 2= 0, 0 IFCXJ,LT,0,0) X3=0,0 IFCX4,LT,O,O> X4=0,0 IFCXS,LT,O,D> XS=C,O IFCX6,LT,O,O> X6=0,0 IFCX7,LT,O.O) X7=o.o 
THE SECOND 00 LOOP ALLOWS THE PROGRAM TC PREOACT EFFLUENT lIE~OS i2~rt:l l~~iiti~:N ~~s 6i~EflU~l1f~I~EbAfJ1i~~AFI:,, 06b0f~o~~os 
REAOCS,10> tt 
,
0 25 J=i,M 
EAO (Sl 30) TITLE JJ O~MAT 5Xt11A4> TIME IS THf REACTOR RE~IDfNCE TIME IN SECONDS, TIS THE REACTOR TEMPERATU~E IN 0EGRE£S FAHR, READ<S,40> TIM£,T 40 FORHAT(2(F10,~)) 
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OEN0~=1,~87•(T+460,> 
CALCULATE THE REACTION RATE CONSTANTS, SEC(•1), 
RK2=1,5•10,••13•EXP<•12f.500,/0ENOH) 
RK3=8,0•10,••10•EXPl•93500,/0ENOHI 
RK4=2,Q•~.4•1a.••e•:XP(•947QO,/OENOH) 
RK5=5,5••2•1n.••s•EXP(•E6200,/0ENOMJ 
RK6=1.a•10.••s•EXP(•55300,/0ENOH) 
RK7=2,•3,4•1D,••S•tXP(•ECJOO,/DENOMJ 
CALCULATE THE REACTOR EFFLUENT YIELDS, Le/LB OF OIL FED, 
W7=X7/(1,+RK7•TI~E) 
WS=<X6+0,861•~~7 4 TI~E•W7)/(1,+RK6•TIHE> 
H5=(XS+0,719•~K6•TirE•W6)/(1,+RKS•TIME> 
W4=<X4+D,609•RK5•TIME4 W5J/C1,+RK4•TIHEl W3=X3/(1,+RK!•TI~Et 
W2=(X2+co.14q•RK74 W7+0,337•RK6•W6+0,~69•RK5•ws+0.769•RK,•W~+0,682• 1RK3•W3)•1IME)/(1,+~K2~TIHE> 
W1=X1+(0,410•RK4•W~+0,364•RK3•W3+1,0674 RK2•W21•TIHE 
W1= METHANE 
W2= ETHANE/ETHYLENE 
W3= PROFAN~/PROPYLENE ANO HEAVIER PA~AFFINS 
W4= e:NZEN~/TCt.UENE/XYLENE 
W5= NAPHTHALEN~ ANO OTHE~ 2•RING AROMATICS 
Wo= ANTHFACEN: AN~ OTHER 3•RING AROMATICS 
W7= PYREN: ANO OTH~R 4•RING A~OHATICS 
6J ~~~i~{,1~~!4i!I\I~,,, 
W~!TE(6,E5) . 
6~ FORMtT{7),•I~ITIAL•,11x,•PREOICTE0•/6X,•EREAKDCWN•,1ox,•EFFLUENT 4 / 126Xi•YIELOS•//t 
WRlTECo,70> X1,W1,X2,W2,X3,Wl,X4,W4,X5,~S,X6,W6,X7,W7 70 ~O~MAT(~x.~x1: 4 ,FE.3,8X,•w1= •,F6,3/ 
Z 5X,•X2= •,FE.3,8X,•W2= •,F6,3/ 
3 5X,•X3= •,Ff.3,8X,•W3= •,F6,3/ 
4 ~X, 4 X4= •,FE,3,8X,•W4= •,F6,3/ 
S 5X, 4 X5= •,FE,3,8X,•HS= •,F6,3/ 
6 sx,•x6= •,FE.3,BX,•W6= •,F6,1/ 
7 5X,•X7= •,FE,3,8X,•H7= •,F6,3//l 25 CO~TINUE 
15 CO~TINU~ 
STOP 
E~D 
• 
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Appendix C 
Location of Hydrogasification Data in the References 
Feedstock 
Butane 
Synthetic Fuel 
Natural Gas Condensate 
LDF 115 
LDF 170 
Kerosene 
No . 2 F ue 1 0 i1 
Diesel Oil 
Topped Kuwait Crude Oil Fraction 
Monagas Crude Oil Fraction 
Athabasca Tar Sands Crude Oil Fraction 
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